Abstract. The morphology of pore space has a strong effect on mechanical and transport properties of mudrocks and clay-rich fault gouge, but its characterization has been mostly indirect. We report on a study of Boom clay from a proposed disposal site of radioactive waste (Mol site, Belgium) using high resolution SEM at cryogenic temperature, with ion beam cross-sectioning to prepare smooth, damage free surfaces. Pores commonly have crack-like tips, preferred orientation parallel to bedding and power law size distribution. We define a number of pore types depending on shape and location in the microstructure: large jagged pores in strain shadows of clastic grains, high aspect ratio pores between similarly oriented phyllosilicate grains and crescent-shaped pores in saddle reefs of folded phyllosilicates. 3-D reconstruction by serial cross-sectioning shows 3-D connectivity of the pore space. These findings offer a new insight into the morphology of pores down to nano-scale in comparison to traditional pore size distributions calculated from mercury Injection experiments, explain slaking of clays by successive wetting and drying and provide the basis for microstructurebased models of transport in clays.
Introduction
Mudrocks and clay-rich fault gouges are important mechanical elements in the Earth's crust and form seals for crustal fluids such as groundwater and hydrocarbons. Other fields of interest are the storage of anthropogenic carbon dioxide and radioactive waste in geologic formations. In addition, coupled flows, capillary processes, and associated deformation are of importance in many applied fields, (Heidug and Wong, Correspondence to: G. Desbois (g.desbois@ged.rwth-aachen.de) 1995; Mitchell, 1993) . A key factor to understanding these processes is a detailed understanding of the morphology of the pore space.
Classic studies of porosity in fine grained materials are performed on dried or freeze dried samples and include metal injection methods (Hildenbrandt and Urai, 2003) , magnetic susceptibility measurement (Esteban et al., 2006) , SEM (Hildenbrandt et al., 2005) and TEM imaging (Henning and Störr, 1986) ; but also neutron scattering (Knudsen et al., 2003) , nuclear magnetic resonance (NMR) spectroscopy (Sozzani et al., 2006) , and environmental SEM (ESEM, Montes et al., 2005) . Confocal microscopy (Fredrich et al., 1995) and X-ray tomography (Zabler et al., 2008) are used to image porosity in coarse grained sediments but the resolution of these techniques is not sufficient at present for applications to mudrocks or clay-rich fault gouges. Therefore, observations and interpretations remain difficult because none of these approaches is able to directly describe the in-situ porosity at the pore scale. In addition, some methods require dried samples in which the natural structure of pores may have been damaged to some extent due to desiccation and dehydration of the clay minerals.
A recently developed alternative is to study wet samples using a high-resolution cryogenic SEM, which allows stabilization of wet media at cryo-temperature, in-situ sample preparation by ion beam cross-sectioning (Broad Ion Beam or Focussed Ion Beam; BIB, FIB) and observations of the stabilized microstructure at high resolution (Desbois et al., 2008; Matthijs de Winter et al., 2009 ).
We applied the cryo-FIB-BIB-SEM method to investigate porosity in undisturbed samples of Boom clay (Mol site, Belgium), a proposed site of nuclear waste disposal (Boisson, 2005) . We show that the FIB-cryo-SEM is an efficient method to study the undisturbed pore space at high resolution and suggest a simple model for porosity in Boom clay. 
Materials and methods
We used undisturbed clay samples of Boom clay (Mol, Belgium, collected at depth 5.82 m-5.98 m above the HADES URF, Appendix A). Samples were sealed in aluminium safety bags directly after the sampling to preserve samples against dehydration and oxidation. A comprehensive summary of physical and chemical properties of Boom clay is given in Boisson (2005) . We used a Zeiss FIB-cryo-SEM combination in NMI (Naturwissenschaftliches und Medizinisches Institut, Reutlingen, Germany) as described in Desbois et al. (2008) , and a high resolution SEM and BIB at GFE, RWTH Aachen. Nitrogen was used to rapidly cool small samples (about 5×5×1 mm 3 , Appendix B) to vitrify in-situ pore fluids. The FIB ion-milling tool located in the cryo-SEM chamber was used to prepare polished crosssections and serial cross-sectioning, prior to high resolution imaging of porosity by cryo-SEM. For comparison we studied polished cross-sections (about 2 mm 2 ) from dried samples (at T =105-110 • C) prepared using a stand-alone BIB machine (cross-section polisher JEOL SM-09010; we used 6 kV voltage, achieving currents of about 150-200 nA). Water content of our samples is 19-20 wt. % (i.e. water content porosity around 36 %), in good agreement with the value in Boisson (2005) ; hence shrinkage during drying was around 10% in volume. Figure 1 shows a FIB-polished cross section (around 20×15 µm 2 ) of a shock-frozen sample. There is no visible damage, and one clearly observes non-clay minerals surrounded by large pores and clay mineral aggregates containing smaller pores. Imaging the vitrified fluid is problematic at the highest magnification since the energy of the beam sublimes the fluids before an image can be recorded.
Results

Vitrified fluids in pores
Freeze-drying
Cryo-stabilization is a fundamental step to stabilize pore microstructures without damage and to image the pore fluid. However, the presence of fluid in pores is not required to study the morphology of porosity because an empty pore provides better SE contrast and a 3-D view into the exposed pore. Hence, freeze-drying was performed by heating the vitrified sample after FIB sectioning, in the SEM chamber and under vacuum. Figure 2 shows the area presented in Fig. 1 after freeze-drying (−130 • C to −80 • C during 20 min., at 8×10 −7 mbar). The fluid is removed from the pores, again without visible change of the grain microstructure. In the largest pores ( Fig. 2 ) a nicely organized network of organic matter filaments remains: this material is interpreted to have been dissolved in the pore fluid. Figure 3 shows BSE and SE images of a dry sample sectioned by BIB. Drying and shrinkage reduce porosity, but we found no indication of changes in pore morphology by drying. As shown in Figs. 1 and 2, the largest pores are located around clast grains while the smallest are preferentially located between clay particles. Pores are preferentially oriented parallel to the bedding. SE imaging (Fig. 3) provides information on the morphology of the jagged pore walls and pore interiors. As far as can be seen in these sections, small pores are isolated while large pores show the pore throats connecting to neighboring pores. Pores commonly have sharp, cracklike tips. We distinguished 3 main types of pore morphology: (1) Type I -elongated pores between similarly oriented clay sheets, (2) Type II -crescent-shaped pores in saddle reefs of folded sheet of clay and (3) Type III -large jagged pores surrounding clast grains. Type III pores are typically>1 µm; Type II between 1 µm-100 nm and Type I<100 nm, in agreement with the microstructural model of mudstones proposed by Hildenbrandt et al. (2005) .
Morphology of individual pores
Statistics on porosity and fractal dimension
FIB-polished cross sections (about 10 µm 2 ; Fig. 4a ) cut perpendicular to bedding and freeze-dried in the SEM allow the distribution, orientation and shape of pores to be determined by imagery. Noise was reduced and the images were threshold using Photoshop 8.0 followed by analysis using the ImageJ 1.38× -software (Abramoff et al., 2004) . Objects less than 6 pixels in area (pixel dimension is 12.5 nm) were interpreted as noise and not included in the analysis.
Results are summarized in Fig. 4 for a population of 2320 pores. The distribution of pores is unimodal, 87% of the pores have an equivalent radius less than 100 nm and the total porosity is 20.4%. Pores with a radius less than 100 nm comprise 40% of the total porosity. The shape of the pores is mainly elongated (average form factor 0.59) and orientation is close to the bedding. The porosity resolved in this image can be fitted by a power law (Appendix C) for pore sizes between r min =37.5 and r max =125 nm (Fig. 4e) . This suggests fractal scaling of the pore space in Boom clay. The power law exponent (fractal dimension) is between 1.78 and 1.90, depending on the exact choice of r max . A similar approach was also used for the dried sample (Fig. 3a) with a porosity of 26.3% and a fractal dimension ranging from 1.82 and 1.91 for pore size between r min =12 and r max =35 nm.
Anisotropy of pore space distribution
SEM imaging on large (800×260 µm 2 ) BIB polished crosssections on dried Boom clay samples (cut perpendicular to bedding) shows a strong anisotropy of the pore shapes, the pore network being mainly connected parallel to the bedding. In order to study the undisturbed wet pore space in 3-D, a serial cross-sectioning procedure was performed using the FIB-cryo-SEM. Resulting slices are 500 nm thick. Figure 5 shows the reconstruction of the porosity in depth (over 3 µm) around a quartz grain. It confirms the strong connectivity anisotropy observed in dried samples and gives direct evidence that the largest pores surrounding the quartz grains form a connected "backbone" of 100 nm to several microns thick mainly oriented parallel to bedding. Interconnectivity is difficult to analyze for the smallest pores because of 18 G. Desbois et al.: Imaging porosity in claystones using BIB/FIB-cryo-SEM aliasing (the current distance between slices is 500 nm, but this can be reduced to less than 20 nm).
Discussion and conclusions
Validation of the BIB-FIB-cryo-SEM approach
The use of the BIB-FIB milling tools obviously produces very high quality cross-sections without damage to investigate the pore network at high resolution without damage and fine slices for 3-D reconstruction allowing investigation of the pore network of mudrocks at high resolution. This contribution confirms that plunge-freezing in nitrogen wellfreezes the pore fluids and that the cooling-rate is fast enough to avoid the formation of ice crystals which tend to damage the microstructure (Karlsson, 2002) . Vitrification in nitrogen is an accepted technique for freezing biological samples without damage (Echlin, 1978; Marko et al., 2007) . Up to now, cryo-SEM applications in Geosciences are restricted to fluid inclusions and wettability studies (Mann et al., 1994; Schenk et al., 2006; Vizika et al., 1998) without demonstrating the efficiency of the vitrification. Delage and Pellerin (1984) for clays and Desbois et al. (2008) for wet halite have demonstrated that samples about 1 mm thick as used in our experiments offer a good compromise between the workable sample volume and geometrical considerations to vitrify the fluids. Although, vitrification of our samples is not fully validated, the present observations agree with the absence of damage. Further work on demonstrating this is in progress.
Porosity
Our SEM -measured porosity (φ cryo−SEM =20.4% in freeze dried samples, 26% in dried samples) agrees quite well the porosity based on mercury porosimetry data (φ H g =24−27% in dried samples) for similar Boom clay samples though our measurement based on cryo-SEM experiment trends to give a lower porosity value. However, our SEM-measured porosity is much lower than the water content porosity (φ W C =36%; Boisson, 2005) . Several reasons explain this discrepancy. pore size distribution to values below the limit of resolution suggests that e.g. a sample with 20% resolved porosity has 2% porosity not resolved by this method. In addition, the tips of crack-shaped pores and the films of clay-bound water at grain boundaries and inside smectite grains are also not resolved fully; accounting for this gives another 8%. Thus, although our FIB-cryo-SEM approach is suitable for investigation of meso-porosity only, by making reasonable assumptions we can estimate the full porosity. However, for our freeze-dried sample this is still much lower than the average value of φ W C =36%. In the dried sample, after correction for the unresolved pores and keeping in mind the possible artifacts produced by mercury injection such as pore collapse (Hildenbrand and Urai, 2003; Majling et al., 1995) the porosity is in reasonable agreement with the water-contentporosity. We interpret this discrepancy to be due to the size of the analyzed samples. Mercury injection and water content measurement are typically performed on cm 3 samples and the areas analyzed here are on the order of 10 µm 2 . The size of a representative elementary volume for porosity in Boom clay is still to be determined, but future representative measurements will require study of larger sections.
Fractal dimension and pore space modeling
For the fractal dimension of the 2-D apparent porosity we get similar results on dried and wet samples. This suggests that the shrinkage affects the volume of pores but not their size distribution. The calculated fractal dimension (D=1.8-1.9) is valid in the range between 12 and 125 nm. Geological porous media (Daccord and Lenormand, 1987; Krohn and Thompson, 1986; Rieu and Sposito, 1991) have been shown to have a fractal distribution of porosity. This paper is the first evidence that porosity in a clay material has a fractal distribution, and demonstrates the usefulness of our BIB/FIB-cryo-SEM technique for meso-porosity investigation in such rocks. The calculated fractal dimension (D=1.8−1.9) is close to the fractal dimension of the Sierpinsky's carpet (D=1.89). In Rieu and Sposito (1991) it is suggested that soils may be modeled by the Menger's sponge (D=2.73), which is the 3-D version of the Sierpinsky's carpet. Unfortunately, the observation of the strong anisotropy of the pore distribution and the interconnectivity (Fig. 5) does not corroborate this simple suggestion for Boom-clay.
Implications
The high slaking tendency of argillaceous rocks increases with the content in smectite content and with the presence of soluble minerals (Sadisun et al., 2005) . We propose that the flat, crack-like pore morphology will induce high capillary forces in these pore-tips if a dry sample is re-wetted, resulting in mechanical damage and destruction of the fabric by successive drying and wetting. It is well known that water content porosity in claystones does not reflect the effective porosity (i.e. the porosity accessible to free-water) because thin layers of clay-bound water cover the pore-walls (Saarenketo, 1998) . Figure 4d shows a model of effective porosity in our samples as a function of the bound-water layer thickness, using the segmented image from Fig. 4a . We can see that increasing the thickness of the boundwater layer decreases the effective porosity as a semi-linear function, suggesting that with increasing bound-water layer thickness pores usually do not segment into smaller ones. Following (Saarenketo, 1998; Nakashima and Mitsumori, 2005) typical bound water is 2-6 nm thick. Thus, the effective porosity represents between 90 and 70% of the porosity imaged in this paper (clay bound water is also present in the pores too small to be imaged).
The potential of the BIB-FIB-cryo-SEM method
Application of the BIB-FIB-cryo-SEM method to study the porosity in clay-rich materials is clearly relevant for waste disposal, hydrocarbon production, basin modeling, fault zone studies and others. It has the potential to open a new field of investigations, producing an atlas of accurate, 3-D pore models of mudstones. This method offers a powerful combination for direct and in-situ investigations of the elusive structures in clay materials at pore scale opening a new field of investigations to study relation between nanostructures and macro-properties which are poorly understood at present. As far as we know, this is the first time that fluids were directly imaged in in-situ conditions in mudrocks, offering new insights for the study of fluid-rock interaction (osmotic effect, ion exchange, pore alteration), especially if the BIB-FIB-cryo-SEM is coupled to chemical composition analysis tool (EDX, SIMS). The reduction of the slice thickness (down to 20 nm) will produce high-resolution models of pore space with the possibility to model fluid flow and microstructure-based models of transport in clays (Fredrich and Lindquist, 1997; Bons et al., 2008) . This will provide a unique opportunity to model the flow through in-situ pore network, study the in-situ effective interconnectivity and verify the viability of our proposed clay fractal model. samples were prepared in small pieces (about 5×5×1 mm 3 ). Because the Boom clay material is soft but brittle, the small samples can be easily split from a larger block by fracturing initiated with a fine scalpel notch and in few minutes to minimize the dehydration. This procedure provides small samples without any visible damage at the pore scale.
Appendix C Definition of the 2-D apparent fractal dimension
Fractals concept has been also applied to describe the distribution of 2-D apparent pore cross sections. Any fractal feature is characterized by a (Haussdorf) fractal dimension Dwhich can have any value between 0 and the Euclidian dimension in which the object is embedded (Ruffet et al., 1991; Feder, 1988) . A fractal set is defined by the following equation (Pfeifer and Obert, 1989) : N i =C/r D i (or alternatively Log (N i ) =−DLog (r i ) +Log (C), Eq. 1) where Ni is the number of pores with the characteristic linear dimension ri (i.e., here, the disk equivalent radius), and C is a constant of proportionality. According the Eq. (1), the fractal dimension was obtained as the slope of the Log-Log plot of measured N i as a function of r i . Systematic deviations from the power law form define the range where the fractal dimension is valid defined by the length scales r min and r max . At shortlength extremes, the data are limited by the microscope resolution and the picture's noise; at long-length extremes, the data are limited by the fact that the investigated area is not endlessly.
